Abstract In recent years, energy efficiency has become a major bottleneck for sustainable development of the industrial communications network, how to achieve energy-efficient communication has become a hot topic for researchers. This paper focuses on industrial energyefficient multi-hop wireless networks proposing a transmitting algorithm based on traffic redirecting (TRTA). The design of traditional mobile multi-hop wireless network only consider either network efficiency or minimum energy networks to maximize network efficiency. In this paper, to make up for shortcomings of previous studies, proposed an algorithm to maximize network efficiency for the novel pub-sub transmission mode of industrial network. The TRTA uses the technology of network flow sensing, according to the information of traffic network to get traffic load of the network. And then using the flow redirecting method to redirect the traffic on low-load path to other links with higher utilization rate but not heavy, in order to improve the whole energy efficiency of the network. Simulation in a multi-hop wireless networks with pub-sub transmission mode, the results show that the proposed algorithm has lower energy consumption and higher network efficiency, network performance has been significantly improved.
I. INTRODUCTION
With the development of information and communication technology, industrial wireless network quickly spread. Due to the characteristics of traffic and the change of transmission mode in industrial network, a large number of links are in a low-load state, which leads to a large overall energy consumption [1] . To solve this problem, the energy efficiency of industrial wireless network has become an important issue faced by designing next-generation wireless industrial network. Since the energy of the nodes in wireless network is often limited. The energy of nodes and the transmission power directly affect the survivability and connectivity of networks. At the same time, the traffic in industrial wireless network without attack is stability, but uneven distribution resulting in resource utilization efficiency of the entire network is low. In recent years, many researchers have achieved some results in multi-hop wireless networks for energy efficiency [2] [3] [4] . However, most of the researches are for performance measurement [5] and research methods of energy efficiency, and less for the characteristics of industrial application scenarios.
Using the flow sensing technology to industrial multi-hop wireless networks is still in its infancy. In [6] , the authors use the flow sensing to maximize the lifetime of wireless sensor networks. For the simplest case of single source node, choose relay nodes according to the traffic information of the network, thereby maximizing lifetime of the network. The disadvantage is that when the number of nodes increases, scheduling relay node is very difficult. In addition, this method is only to reduce power consumption while ignoring the network efficiency. In [7] they propose load-balancing schemes that distribute the traffic on the basis of three important metrics -residual battery capacity, average interface queue length and hop count along with the associated weight values. It helps to achieve load balancing and to extend the entire network lifetime. In [8] , the authors propose a hybrid gateway control and flow control mechanisms to redirect part of the flow through the edge node to an adjacent area. The results show that the mechanism can effectively solve the network congestion problem. From above studies we can find that the existing achievements are rarely to improve network energy efficiency. In order to improve the energy efficiency of multi-hop wireless network, this paper proposes an energy-efficient transmission algorithm based on flow redirecting.
In this paper, we propose a transmission algorithm based on network flow redirecting in industrial energy efficiency multi-hop wireless network, and implement the algorithm in three stages. The first stage proposes an energy-efficient unicast routing algorithm based on flow sensing. And then, on the basis of further research on the unicast flow sensing routing algorithm to achieve maximum energy efficiency heuristic algorithm. Finally, using the energy-efficient multi-path obtained from the first two algorithms and the flow redirecting technology to get an energy-efficient transmission mechanism. Comparison with existing algorithms, simulation results show that the proposed algorithm has a lower energy consumption and higher energy efficiency, and the network performance has been significantly improved.
II. SYSTEM MODEL AND PROBLEM STATEMENT Fig.1 The analysis of pub-sub transmission mode. This paper analyses a simple interference model, assuming that there are F orthogonal channels available, and these channels can be reused. The sending and receiving manner of the node in the network is omnidirectional. According to the analysis of the existing flow process model, we choose ON/OFF process model [9] to establish a matrix model based on grouped flow sensing.
A. Flow Redirecting Mechanism
Herein, taking into account the two types of pub-sub transmission modes, i.e. single pub multiple subs and single sub multiple pubs. The multiple subs multi-pub pubs may be decomposed into above two cases. The main idea considered in this paper of the transmission model is get the traffic load of each path according to flow sensing technology, and then redirect the traffic on low load link to high load link but without high utilization, while turn off the links with low load.
As can be seen from Figure 1 , when the sub-side requests data transmitting from the pub-side, the data on three paths of figure (a) is same, so we should do our best to increase the number of shared links in order to improve the overall energy efficiency of the network, namely transform the black paths into the red ones. In figure (b), although different data streams send by different pub, based on flow redirecting, we can use link {2-4} to redirect the {pub1-sub} with low load to {4-sub}, while turning off the original low load path {2-sub}. So, it consumes less energy to complete the transfer of network.
B. Energy Efficiency Model
According to [10] [11] , routing algorithm is usually modeling by means of the network graph theory. The multi-hop wireless network model can be expressed as G(V, E), where V and E denote the set of nodes and links, respectively. Let N = ||V|| be the cardinalities of sets V, representing the number of network nodes. As discussed earlier, assuming in our network model, each node with full transmitting antenna, full receive antenna, and the channel used by each node are orthogonal (i.e., there is no interference). It must meet the following conditions to establish communications between i and j:
Where P i is the sending power of node i; L ij is the distance between node i and j; is the attenuation index of links typically ranging from 2 to 4. SNR j is the SNR (signal to noise ratio) request for the receiving node j. The equation (1) indicates that if the ratio of node power transmitted from source node to destination node and the thermal noise power meet the requirements, it is possible to ensure communication, i.e., existing a communication link between two nodes.
We define the energy efficiency of the entire network as the successfully transmitting information bits of per joule energy consumption, expressed as the following formula:
Where η is the energy efficiency of the network; ( ) ( )
is the total energy consumption of the network containing all the nodes.
Our goal is to maximize the energy efficiency η in equation (2), represented by the following formula:
III. THE TRTA ALGORITHM In this section, we will discuss the proposed transmission algorithm based on traffic redirecting in industrial multi-hop wireless energy-efficient network (TRTA). The following describes the related definitions, network environment settings, analysis and statement of the algorithm in detail.
Next, some definitions and network environments assumptions are given. End to end dynamic flow is defined as the flow request from source node to the destination node, which obeys Pareto distribution. The link utilization is defined as the ratio of the link load and link capacity. The wireless network environment is assumed as following; the network nodes are randomly distributed; the transmission power of each node is adaptive, ensuring network connectivity. The flow from source to destination node is randomly distributed; all the link capacity of the network is the same of 10Mbps. Assuming each link is reliable, it is possible to correctly decode when the signal to noise ratio is met. This paper uses TDMA communication protocol and half-duplex communication mode.
A. The First Phase of TRTA:
In order to improve the energy efficiency of the network and better take advantage of nodes in the network, we need to choose the best transmission path from source to destination node. We propose a heuristic algorithm, named energy efficiency unicast routing algorithm based on flow sensing. The core idea of the algorithm is to get the traffic information of the network through the traffic sensing technology, and then obtain the optimal set of transmission links, and finally chooses a largest energy-efficient unicast path within the set of links. The algorithm has good flexibility and faster computing speed. The algorithm is applicable to different size of multi-hop wireless networks with randomly distributed nodes.
The algorithm first needs to establish a circular region with the distance between source and destination node as the radius, and then to obtain the nodes in this region. If there is no node exists in the region, the direct transmission mode is the only choice to establish a path, and else a multi-hop transmission path will be established. In this paper, whether the nodes in the circular region were judged on condition that distance between the node and source node and the distance between the node and destination node are less than the distance between the source and destination node, and the angle between the node and source node and the angle between the node and destination node are less than 90 degrees. Algorithm implementation steps are as follows:
Step 1: Obtain the node collection in the circular region with the distance between source and destination node as the radius;
Step 2: If the node collection in circular region is empty, output unicast path, otherwise, the next step;
Step 3: Sort the node collection in ascending order according to the distance between the node and source node; get a new set of nodes;
Step 4: Establish a multi-hop path, until there is no relay node on any link;
Step 5: Get a collection of multi-hop link from the source to the destination node, and choose the unicast path with maximum energy efficiency according to the traffic information.
B. The Second Phase of TRTA:
The second stage algorithm is improved on the algorithm presented in the first stage, which make the target of achieve the maximum multi-hop energy efficiency path. The core idea of this improved algorithm is to use the result of links collection of first stage algorithm to obtain the shared link set from source nodes to destination nodes, and then to find an optimal path from the optimal shared path to each source node. And finally output the multipath set.
In this paper, we assume that there are multi-source nodes and two destination nodes. The specific steps of the algorithm can be obtained as follows:
Step 1: decompose the case with multi-source nodes and two destination nodes into two cases with multisource single destination nodes, named case1 and case2;
Step 2: use the algorithm in first stage to calculate the case1 and case2, and get two links collections of L1 and L2;
Step 3: find the shared links of L1 and L2 respectively, and if not, go to Step 5, else proceed to Step 4;
Step 4: select two optimal path segment of S1 and S2 as the shared path of the multi-path, named B1 and B2;
Step 5: merge the result of Step 3 or Step 4, namely L1 and L2 or B1 good B2, as the final shared paths set, called C;
Step 6: find the optimal path from multi-source nodes and two destination nodes to shared links set C in the remaining links set;
Step 7: output the energy-efficient multipath obtained in Step 6.
C. The Third Phase of TRTA:
TRTA heuristic algorithm is improved on the previous two phase's algorithms. Due to the uneven distribution of the network load causing the network energy efficiency is not high, therefore, we introduce the flow redirecting mechanism and propose a transmission algorithm based on flow sensing and flow redirecting to solve this problem. Base on the result of the first two stages, assuming that the network load has been determined by flow sensing mechanism, the two paths are a high load (with not high utilization) and a low load path, respectively. Choose an optimal path to redirect traffic flow from the low load link to the high load path, improving the network energy efficiency.
In addition, there are two cases are not suitable for the use of flow redirecting. The first case is the angle formed by the two paths is too large, approximately 180 degrees. In this case, since the nodes of the two paths are far away, if still use the method to redirect the flow in this case, will inevitably lead to greater energy consumption, reducing the network energy efficiency. Another case is the two source nodes on the same path, in this case, the TRTA method will increase the redundant links, not only cannot reduce the energy consumption of the network, but also increase, so that the network energy efficiency decreases.
The pseudo-code of TRTA algorithm is shown as following:
TRTA algorithm
Input G (V, E), P(node power), alpha, link capacity, T (traffic matrix) Output E (energy efficiency), S (energy consume) % Phase 1: 
IV. SIMULATIONS

A. Simulation Environment Settings
In the simulation experiment of proposed algorithm, considering different simulation conditions, we assume that there are N nodes in a multi-hop wireless networks, with randomly distributed in an area of 10Km × 10Km. In the simulation, assume that the attenuation index of each link is given a value of 2. The number of destination is one. The simulation assumes that when the information signal to noise ratio S/N of receiving node more than the value of 1, the receiving node can receive information correctly. In this paper, we discuss the impact of network size on energy consumption and energy efficiency of the network. In order to verify the superiority of the proposed algorithm in terms of energy consumption and energy efficiency, we use MLU and MIP algorithm [12] as comparison algorithms.
B. Performance Analysis 1) Demonstration of topology generation
In order to illustrate the advantages of the topology generation algorithm, this paper compares TRTA algorithm with MLU and MIP algorithm. There are a total of 30 nodes randomly distributed to 10Km×10Km scenario. The source node set is {2, 3}, and the destination node is {30}.
The simulation results shown in Fig. 2 , it can be seen from the figure that there is no shared link in the path established by MLU, which may lead to high energy consumption of the network; MIP algorithm has five shared links; TRTA algorithm has six shared links, so TRTA has the lowest energy consumption and best network performance. Specific simulation data is shown in Table 1 . As can be seen from the table, the performance comparison of network energy consumption and energy efficiency TRTA algorithm best performance, MLU follows.
TABLE1.THE ENERGY CONSUMPTION AND ENERGY EFFICIENCY OF FOUR KINDS OF ALGORITHMS
2) Impact of network size on network performance Next we will discuss the impact of network size on the performance of energy consumption and energy efficiency. Assumed that the number of network nodes is N, the value of N is {10, 20, 30, 40, 50, 60, 70, 80, 90, 100}. And set the scene has two source nodes and one destination node. All the result of this simulation is an average of 30 times test.
The simulation results shown in Fig. 3 , the Fig. (a) and Fig. (b) respectively show the average curve of energy consumption and energy efficiency of the three algorithms; horizontal axis is the network size, and the vertical axis is the average energy consumption and energy efficiency. Fig. (a) shows that, with the increase of network nodes, the average energy consumption of (a) the average energy consumption (b) the average energy efficiency Fig.3 The topology generation of four kinds of algorithms. the three algorithms have a decreasing trend. This is because the size of the network increases, the network node distribution density becomes large; the distance between the nodes participating the network information transmission will decreases; the transmitting power of the transmitting nodes will be reduced. Therefore, the energy consumption of the network will be reduced. We can see from the simulation curve that the lowest average energy consumption of the network is TRTA algorithm. As can be seen from Fig. (b) , with the increase of the network size, the network energy efficiency is on the rise, but there are still some fluctuations. Fig. (a) shows that the average energy consumption of the network decreases with the increasing of network size. The fluctuation of the curve is caused by the dynamic changing of the network traffic. In conjunction with Fig. (a) and Fig. (b) , we can easily see, the network performance of proposed TRTA algorithm is best of all.
V. CONCLUSIONS
This paper proposed a transmission algorithm based on flow redirecting, and demonstrate the superiority of the algorithm in a node randomly distributed multi-hop wireless networks. In this paper, we first proposed TRTA_one algorithm to establish a unicast path, which provides a quick method to establish a path for following algorithms. In order to better utilize the network link, we propose TRTA_two algorithm to establish energyefficient multi-source and destination path. Using flow sensing mechanism to obtain the traffic information, and get the load information of each path. Then redirect traffic in low load path to high load path, while closing links of low load paths, thereby increasing the energy efficiency of the network. In this paper, we conducted simulation experiments and comparative analysis of different algorithms. Simulation results show that the proposed TRTA algorithm has a good performance under different simulation scenarios. More importantly, this algorithm is simple, avoiding huge computational overhead, and flexible application.
